The Cambrian Tally Pond volcanic belt in central Newfoundland contains numerous volcanogenic massive sulphide (VMS) deposits and prospects associated with exhalative metalliferous mudstones. Deposits in the belt are bimodal felsic VMS deposits that are both base metal bearing (e.g., Duck Pond -Boundary), and base metal and precious metal bearing (Lemarchant). At the Lemarchant deposit, metalliferous mudstones are stratigraphically and genetically associated with mineralization. In the remainder of the Tally Pond belt, detrital shales occur predominantly in the northeastern part of the belt (mostly as unrelated mid-Ordovician structural blocks) in the upper sections of the Cambrian volcanic stratigraphy, but locally also are intercalated with metalliferous mudstones. Their relationships to massive sulphides are less obvious, with many spatially, but not necessarily genetically, related to mineralization. Upper Cambrian to Lower Ordovician black shales from Bell Island, which represent pelagic sedimentation not associated with hydrothermal activity and volcanism, are compared with the Tally Pond belt mudstones and shales. Exhalative mudstones, like those at Lemarchant, have elevated Fe/Al and base-metal values, and have shale-normalized negative Ce and positive Eu anomalies, indicative of deposition from high-temperature (>250°C) hydrothermal fluids within an oxygenated water column. Mudstones and shales sampled from other Tally Pond prospects have more variable signatures, ranging from hydrothermal to nonhydrothermal black shales (no positive Eu anomalies, flat rare earth element patterns, low Fe/Al and base-metal contents), to those that have mixed signatures. Accordingly, mudstones from areas with a Lemarchant-like hydrothermal and vent-proximal character are more attractive exploration targets than mudstones and shales with predominantly detrital signatures.
Introduction
Exhalative metalliferous mudstones and detrital shales are abundant in the Tally Pond volcanic belt, central Newfoundland Appalachians, and are spatially and (or) genetically associated with numerous massive sulphide deposits, prospects, and showings (Swinden 1991; Squires and Moore 2004) . The Tally Pond belt volcanic rocks and related massive sulphide mineralization were associated with episodes of rifting during the construction of the Cambrian to Early Ordovician Penobscot arc (Dunning et al. 1991; Rogers et al. 2007; Zagorevski et al. 2010; Piercey et al. 2014) . Sedimentary rocks deposited in graben-rift-related basins typically are volcaniclastic and epiclastic (Carey and Sigurdson 1984) , and locally contain exhalative metalliferous mudstones. The depositional environment of these sedimentary rocks is controlled by volcanic activity and an active tectonic environment (Carey and Sigurdson 1984) , with metalliferous mudstones spatially and genetically associated with volcanism and related massive sulphide deposits (Haymon and Kastner 1981; Gurvich 2006; Hannington 2014) . Metalliferous mudstones form from black smoker plume fallout during a hiatus in the volcanic activity, resulting in the deposition of hydrothermal matter (i.e., hydrothermally derived polymetallic sulphides, sulphates, carbonates, as well as Al-poor clays) that dominates over the detrital, abiogenic pelagic background sedimentation (Lydon 1984; German and Von Damm 2003) . The hydrothermal matter can be diluted by volcanic and (or) sedimentary detritus, resulting in sequences of hydrothermal sedimentary rocks that are intercalated with and (or) overlain by volcaniclastic and epiclastic rocks, as well as black shales (Peter and Goodfellow 2003; Sáez et al. 2011) .
Metalliferous mudstones in the Lemarchant area have a hydrothermal-exhalative origin (Copeland et al. 2008; Lode et al. 2015) ; hence, the term "metalliferous mudstone" is used for Lemarchant-like sulphide-rich mudstones with a known or proposed hydrothermal origin and a genetic association with massive sulphide mineralization. The term "detrital shale" is utilized herein to describe nonexhalative black shales that occur predominantly in the northeastern parts of the Tally Pond volcanic belt. These detrital shales are interpreted to have no genetic relationship to mineralization, but they locally are spatially associated with massive sulphides (Pollock 2004; Squires and Moore 2004) . Because volcanogenic massive sulphide (VMS) deposits are small targets for exploration, it is important to identify potential orebearing horizons, and delineate metalliferous mudstones from less prospective detrital shales (Franklin et al. 1981; Gibson et al. 2007) .
The purpose of this study is to apply geological and lithogeochemical proxies to (i) identify and test a hydrothermalexhalative origin of metalliferous mudstones occurring in the Tally Pond volcanic belt, (ii) better understand the relationships of the Lemarchant and other metalliferous mudstones and detrital shales to massive sulphide mineralization, and (iii) define the depositional environment of the metalliferous mudstones and detrital shales in terms of provenance, geochemistry of contributing fluids, the paleoredox conditions of ambient seawater, and the rift basin characteristics at the time of formation. The results of this study have significance and exploration implications for the metalliferous mudstones and detrital shales and associated VMS deposits within the Tally Pond belt, but also mudstoneshale-associated VMS districts globally.
Regional geology
The Tally Pond volcanic belt is located within the Central Mobile Belt, Newfoundland, Canada, which is part of the Cambrian (ϳ515 Ma) to Permian (ϳ275 Ma) Appalachian mountain belt (Williams 1979; Swinden 1988; Rogers et al. 2007 ; van Staal and Barr 2011) . The Newfoundland Appalachians are divided into four tectonostratigraphic zones (from west to east): Humber, Dunnage, Gander, and Avalon zones ( Fig. 1A ; Williams 1979; Swinden and Kean 1988; Swinden 1991) . The Dunnage Zone has been subdivided into the peri-Laurentian Notre Dame Subzone to the northwest and the peri-Gondwanan Exploits Subzone to the southeast ( Fig. 1A ; Swinden and Kean 1988; Swinden 1991) . The suture between the subzones is called the Red Indian Line, and represents a ribbon-shaped zone of tectonic mélange, which contains remnants of Cambro-Ordovician oceanic juvenile arc and arc terranes that existed within the Iapetus Ocean (Williams 1979; Zagorevski et al. 2010 ; van Staal and Barr 2011) . The Exploits Subzone represents two phases of arc-back-arc formation, the Cambrian to Early Ordovician Penobscot Arc and the Early to Middle Ordovician Victoria Arc (Zagorevski et al. 2010) . Despite deformation and metamorphism, the Central Mobile Belt was only moderately affected by metamorphism (lower greenschist facies) and deformation; thus, internal stratigraphic relationships are well preserved (e.g., Hinchey and McNicoll 2009; Zagorevski et al. 2010 ; van Staal and Barr 2011; Piercey et al. 2014) . Massive sulphide formation is known to be associated with the evolution and rifting of the Cambrian to Ordovician Penobscot arc (Swinden et al. 1989; Rogers et al. 2007; Zagorevski et al. 2010) . The Duck Pond and Boundary mines, as well as the Lemarchant deposit, and numerous other prospects and showings also occur within the Tally Pond volcanic belt ( Fig. 1B) (Dunning et al. 1991; Evans and Kean 2002; Rogers et al. 2007; McNicoll et al. 2010) .
The Tally Pond volcanic belt and its deposits are hosted in the lower Victoria Lake supergroup within the Exploits Subzone, which is composed of Cambrian to Ordovician volcanic and sedimentary rocks (Dunning et al. 1991; Rogers et al. 2007; McNicoll et al. 2010 ; van Staal and Barr 2011) . The Tally Pond group (U-Pb zircon ages ranging from ϳ513 to 509 Ma; zircons obtained from rhyolites and felsic volcaniclastic rocks) is informally divided into the felsic volcanic rock dominated Bindons Pond formation (also referred to as Boundary Brook formation) and the mafic volcanic rock dominated Lake Ambrose formation (Rogers et al. 2006; Copeland et al. 2009 ). The latter contains island arc tholeiitic basalts to andesites (Dunning et al. 1991; Evans and Kean 2002; Rogers et al. 2006) , whereas the former contains predominantly transitional to calc-alkalic rhyolitic to dacitic rocks (Rogers et al. 2006; Piercey et al. 2014) . The bimodal volcanic sequence of the Tally Pond group is unconformably overlain by a thick unit of graphitic carbon-rich argillaceous shales, as well as volcaniclastic, epiclastic, and turbiditic rocks of the Wigwam Pond group -Noel Paul's Brook group (Squires et al. 1991; Evans and Kean 2002; Squires and Moore 2004; Rogers et al. 2006) . These volcaniclastic sedimentary rocks and detrital shales occur either as sequences with undisturbed lamination and bedding, or as strongly reworked and sheared unit; the latter is also known as "black shale mélange" (Pollock 2004; Copeland 2009a) . The contact between the volcanic and volcaniclastic sedimentary rocks is considered as tectonic and is marked by a thrust fault, e.g., the Trout Brook Fault ( Fig. 1B ; Squires et al. 1991; Pollock 2004; Squires and Moore 2004) . This black shale mélange contains pebble-to boulder-sized fragments of rhyolite and felsic volcaniclastic rocks, which locally are mineralized, and is commonly intruded by andesitic to mafic volcanic dykes-sills (Pollock 2004; Copeland 2009a) . Rare fossil data in the detrital black shales indicate Middle Ordovician (Sandbian to Katian-Caradocian) (Zagorevski et al. 2010 ), but locally the detrital shales are intercalated with volcanic rocks of the Cambrian Swinden 1991; Piercey 2007) . Notre Dame Subzone VMS: 1, York Harbour; 2-8, Baie Verte belt deposits; 9-12, 46, Springdale belt deposits; 13-29, BuchansRoberts Arm deposits. Exploits Subzone VMS: 30-37, Tulks belt deposits; 38, Tally Pond belt deposits; 39, Lemarchant; 40, Duck Pond; 41, Boundary; [42] [43] [44] [45] Point Leamington belt deposits. (B) Geological map of the Tally Pond volcanic belt and adjacent areas (parts of NTS 12A/09 and 12A/10). The Tally Pond belt hosts the Lemarchant deposit, the Duck Pond and Boundary mines, and other prospects and showings. Deposits, prospects, and showings and given locations containing metalliferous mudstones and (or) graphitic shales were sampled. Map modified after Map 2006-01 from Squires and Hinchey 2006 , and Copeland 2009a , 2009 -012A-1486 . (C) Overview map of Bell Island. Outcrops from Lance Cove, The Beach, and Powersteps were sampled. Map modified after Ranger et al. (1984) and Harazim et al. (2013) . [Colour online.] Bindons Pond and Lake Ambrose formations, as well as with metalliferous mudstone (Copeland 2009a ). The metalliferous mudstones as well as the detrital shales are overall carbonaceous (i.e., rich in finely disseminated graphitic carbon), locally with subhedral hydrothermal graphite, or have preserved organic matter (e.g., microbial-algal mat fragments) (Beyssac and Rumble 2014; Rumble 2014; Lode et al. 2015) . Metalliferous mudstones occur predominantly at the contact of the Bindons Pond and the Lake Ambrose formations, and are commonly associated with massive sulphide deposits (e.g., the Lemarchant VMS deposit) (Copeland et al. 2008; Lode et al. 2015) . Collectively, the tectonic environment in which the felsic and mafic volcanic rocks, as well as the metalliferous mudstones, of the Tally Pond group are formed is interpreted as an arc to rifted arc (Rogers et al. 2006; McNicoll et al. 2010; Zagorevski et al. 2010; Piercey et al. 2014) .
Massive sulphide mineralization associated with hydrothermal mudstones and graphitic black shales
Twelve deposits, prospects, and showings occurring in the Tally Pond volcanic belt contain metalliferous mudstones and detrital black shales with variable relationships to VMS mineralization (Table 1 ; Fig. 1B ). Upper Cambrian to Lower Ordovician detrital black shales from Bell Island, eastern Newfoundland, were utilized for comparison and are not spatially and (or) genetically associated with massive sulphide mineralization (Fig. 1C) .
Lemarchant deposit
The Cambrian Lemarchant Zn-Pb-Cu-Ba-(Au-Ag) VMS deposit has metalliferous mudstones both immediately associated with and distal from mineralization (Fig. 1B) . The mineralization is defined in the Lemarchant Main Zone, with the Northwest and 24 zones as additional potential resources (Fig. 2) . A quartzfeldspar-phyric tuff in the general vicinity of the Lemarchant deposit yielded a U-Pb zircon age of 513 ± 2 Ma (Dunning et al. 1991; Squires and Moore 2004) .
The main metalliferous mudstone horizon at Lemarchant occurs in all mineralized zones (the Main Zone, the 24 Zone, and the Northwest Zone), located immediately above the massive sulphides stratigraphically in the Bindons Pond formation at the contact with the hanging-wall mafic volcanic rocks of the Lake Ambrose formation (Fig. 2) . The mudstone horizon extends laterally west of the Lemarchant Main Zone, at the same stratigraphic level, but not in immediate contact with massive sulphides, up to 200 m away from the mineralization. Metalliferous mudstones also occur as interflow mudstones within Lake Ambrose formation basalt, up to 50 m above the massive sulphide mineralization. Locally, barite-rich metalliferous mudstones occur in areas of the North and South targets (Lode et al. 2015) . Due to an offset along the gently west-dipping Lemarchant Fault, a repetition of the mineralized strata and mudstone occurrences is likely (Squires and Moore 2004; Copeland et al. 2009 ).
Cookstown showing
The Cookstown showing (Fig. 1B ) was discovered in 2005 by Rubicon Minerals during a short trenching program that targeted electromagnetic conductors and weak historic till anomalies. Trenching exposed sulphide-rich, detrital shales associated with felsic and mafic volcanic rocks (Collins 1989 1 ; Sparkes 2005; Copeland 2009b ). The detrital shales occur within a bimodal succession of volcanic and volcaniclastic rocks, where felsic volcanic rocks of the Bindons Pond formation are intercalated with mafic volcanic rocks of the Lake Ambrose formation. This bimodal sequence is intruded by synvolcanic mafic dykes-sills and feldsparphyric felsic dykes (Fig. 3A) .
Higher Levels prospect
The base-metal mineralization of the Higher Levels prospect (Fig. 1B) consists of pyrite, chalcopyrite, sphalerite, minor pyrrhotite, and galena, hosted in laminated metalliferous mudstones that are intercalated with detrital shales. These sedimentary rocks occur within mafic volcanic flows of the Lake Ambrose formation that overly the felsic volcanic rocks of the Bindons Pond formation (Squires and Moore 2004) . The stratigraphy is folded with sedimentary rocks present in the core of a syncline ( Fig. 3B ; Squires and Moore 2004) . Both the felsic and mafic volcanic rocks locally have VMS-style alteration and stringer mineralization (Squires and Moore 2004) .
Beaver Lake prospect
The Beaver Lake prospect (Fig. 1B) is a 3 km long VMS-style sericite-chlorite-silica alteration zone in felsic volcanic rocks that was found via anomalous base-metal values in till samples (Copeland 2009a) . In 2011, Paragon Minerals Corporation (now Canadian Zinc Corporation) drilled three holes (BL11-01, BL11-02, and BL11-03) intercepting a felsic-dominated bimodal sequence (felsic volcanic rocks of the Bindons Pond formation and mafic volcanic rocks of the Lake Ambrose formation), locally with stringer mineralization and VMS-style alteration. The volcanic rocks and mineralization are intercalated with metalliferous mudstones and detrital shales (Fig. 3C ).
Duck West showing
The Duck West showing is hosted by VMS-style altered felsic volcanic rocks (Fig. 1B) . The stratigraphy of the felsic volcanic rocks of the Duck West alteration zone correlates with the "Mineralized Block" that hosts the Duck Pond massive sulphide deposit (Figs. 4, 5; Squires and Moore 2004; Copeland 2009a) . They consist of massive to jigsaw-fit quartz-chlorite-sericite-altered felsic volcanic rocks that are intercalated with locally reworked detrital shales and mineralized tuff.
Duck Pond deposit
The Duck Pond deposit (Fig. 1B) was discovered by Noranda in 1985 . The deposit consists of the structurally dismembered Upper Duck lens, which holds the majority of the ore, the Lower Duck lens, and the Sleeper zone. The Cu-Zn massive sulphides are hosted by aphyric and quartz-phyric felsic tuffs and fragmental rocks (mineralized sequence), and were formed by pervasive hydrothermal subseafloor replacement of the originally permeable volcaniclastic host rocks (Doyle and Allen 2003; McNicoll et al. 2010; Piercey et al. 2012 Piercey et al. , 2014 . The mineralized sequence overlies a thick succession of hydrothermally altered footwall aphyric felsic flows (Fig. 5; Squires and Moore 2004) . Together they represent the Mineralized Block, which has yielded U-Pb zircon ages of 509 ± 3 Ma . The "Upper Block" is structurally juxtaposed along the Duck Pond thrust on top of the Mineralized Block and consists of an unaltered bimodal volcanic sequence with metalliferous mudstones in the Duck Pond area at the contact between the felsic volcanic rocks of the Bindons Pond formation and mafic volcanic rocks of the Lake Ambrose formation (Squires and Moore 2004; Piercey et al. 2012) . Felsic volcanic rocks in the Upper Block at Duck Pond yielded U-Pb zircon ages of 513 ± 2 Ma, with ϳ563 Ma inherited zircons similar to the ages of underlying rocks (Dunning et al. 1991; McNicoll et al. 2010) . Production of the Upper Duck lens started in and is scheduled to end permanently in mid-2015 (Teck Resources Ltd. 2015 .
Boundary deposit
The Boundary deposit is located ϳ4.5 km northeast of the Duck Pond deposit and was also discovered by Noranda, in 1979 Noranda, in -1980 . The Boundary deposit consists of three shallow lenses (outcrop to subcrop): the North, South, and Southeast zones (Figs. 1B, 6; Squires and Moore 2004; Piercey et al. 2014) . The North and South zones are a structural offset along the Wagner fault and represent portions of a once single lens (Wagner 1993; Piercey et al. 2014) . The mineralization at the Boundary lenses is predominantly composed of Fe, Cu, and Zn sulphides that are hosted by aphyric felsic tuff, flows, and breccias at and below the contact with quartzphyric hanging-wall felsic flows and tuff . Laterally extending from the massive sulphide lens is the tuffaceous exhalative Boundary horizon that is intercalated locally with metalliferous mudstones (Fig. 7A ). In the Boundary area, the Mineralized Block is outcropping, whereas the Upper Block is eroded (Squires and Moore 2004; McNicoll et al. 2010; Piercey et al. 2014 
Boundary West showing
The Boundary West showing (Figs. 1B, 6) was discovered by Noranda by testing electromagnetic conductors and subsequently resulted in the intersection of 8 m of stringer-mineralized felsic quartz-crystal tuff in hole 374-60 (deepened as hole TP88-01). The felsic tuffs are spatially associated with cherty to metalliferous mudstones that are overlain by locally peperitic mafic flows that are preserved in a 45°NE-plunging synclinal structure (Figs. 7B, 7C; Squires and Moore 2004) . Detrital shales are intercalated with the felsic volcanic rocks and the metalliferous mudstones. The mineralized Boundary West crystal tuffs correlate with the mineralized sequence hanging-wall quartz-phyric volcanic rocks that immediately overlie the Boundary North deposit, occurring at a slightly higher stratigraphic level (Squires and Moore 2004) .
Old Camp showing
The original Old Camp showing (Figs. 1B, 8 ) comprises a weakly Zn-enriched metalliferous mudstone over an interval of 6.4 m intersected in drill hole TP88-58. Several metalliferous mudstones occur at, or up to 200 m below, the contact between chloritealtered, quartz-phyric felsic volcanic flows and tuffs, and mafic volcanic rocks (Fig. 8B ) interpreted to be stratigraphically slightly above the Boundary deposit. The mineralized sequence of the Boundary deposit occurs stratigraphically ϳ100 m deeper, but is 
Keats Pond showing
The Keats Pond showing (Fig. 1B) consists of 30%-50% chloritealtered fragmental rhyolite that underlies a sequence of reworked and sheared detrital shale to polymictic conglomerate interpreted to be VMS-related. Locally, the sedimentary rocks are intercalated with metalliferous mudstones and intruded by andesitic intrusive volcanic rocks (Fig. 9A) .
North Moose Pond showing
The North Moose Pond showing (Fig. 1B) contains an area of float containing intense chlorite alteration and chalcopyrite stringers underlain by a bimodal volcanic sequence that has anomalous base-metal values (Squires and Moore 2004) . This bimodal succession is spatially associated with metalliferous mudstones and structurally overlain by detrital shales and volcaniclastic turbidites. The contact between the sedimentary and volcanic rocks is marked by the Trout Brook fault ( Fig. 9B ; Squires and Moore 2004) . The detrital shales are locally intruded by andesitic dykes. Based on drill core logging, the stratigraphy in drill holes NM00-01 and NM01-05 is inferred to be overturned (Fig. 9C) . Carbonaceous material that possibly represents a graptolite fragment in a volcaniclastic turbidite-tuff sequence that overlies metalliferous mudstones, tentatively suggests a Late CambrianEarly Ordovician age (E. Burden, personal communication, 2015) 
South Moose Pond alteration zone
The South Moose Pond alteration zone (Fig. 1B) contains an area (the "NW flank") of about 2 km × 1 km with stringer and disseminated pyrite, sphalerite, chalcopyrite, and galena in felsic and mafic flows, but overall well-stratified units are lacking (Squires and Moore 2004) . Metalliferous mudstones occur as interflow mudstones in mafic volcanic rocks in drill hole SM97-08. Detrital shales in drill hole SM97-06 structurally overlie, via the Overview thrust, the mafic volcanic rocks (Figs. 9B, 9C ).
Bell Island
Bell Island is located ϳ25 km west-northwest of St John's in Conception Bay (Fig. 1C) . The Island consists of an interbedded succession of sandstones, shales, siltstones, and oolitic ironstones of Upper Cambrian to Middle Ordovician age, presumably conformable lying upon Precambrian Gondwanan continental crust; these rocks have had no influence from hydrothermal activity. Shale samples were taken from two coastal outcrops from the Lower Ordovician Beach Formation -Bell Island Group (The Beach, Lance Cove), and from one outcrop along the coast from the Middle Ordovician Powersteps Formation -Wabana Group (Powersteps) (Fig. 1C) .
Mudstone stratigraphy, lithofacies, and mineralogy

Lemarchant deposit
The Lemarchant metalliferous mudstones, independently of their stratigraphic position, are finely laminated, brown to black, graphite-rich, and carbonaceous, and have a thickness of <1-20 m (Fig. 10A) . The main sulphide phases are pyrite (framboidal and euhedral) and pyrrhotite, with minor chalcopyrite, sphalerite, arsenopyrite, and galena, which commonly occur parallel to laminations or as cross-cutting polymetallic veins (Fig. 10B) . Barium minerals include massive and bladed barite, celsian, and hyalophane, and witherite. Precious metals occur in the form of electrum, which is predominantly associated with chalcopyrite and galena in the later-stage polymetallic veins (Fig. 10B) . Detailed geological, mineralogical, and lithogeochemical studies have shown these metalliferous mudstones have a hydrothermal origin (Lode et al. 2015 ; Table 2 ).
Cookstown showing
In the Cookstown drill hole CT11-01, laminated to reworked dark grey to black cherty shales range from 0.2 to 5 m in thickness and are locally intercalated with fine-grained crystal (feldspar) lithic tuff. The main sulphide phase is pyrrhotite, with minor chalcopyrite and traces of galena. Pyrrhotite occurs as semicontinuous layers parallel to lamination, in cross-cutting veins, as patches (Figs. 10C, 10D ), or as pseudomorphs after euhedral pyrite. Locally, pyrrhotite veins show pyrrhotite halos that extend into the generally sulphide-poor matrix (Fig. 10E) . Calcite is present as gangue in sulphide-rich veins. The mudstone matrix predominantly consists of clay, chlorite, and quartz, with carbonaceous material present as laminae or finely disseminated in the matrix.
Higher Levels prospect
The sedimentary rocks at the Higher Levels prospect consist predominantly of metalliferous mudstones and lesser detrital shales that reach a drilled thickness of ϳ18 m in the core of a syncline. The mudstones are finely laminated, organic matter and (or) graphitic carbon-rich. The main sulphide phases are pyrite, chalcopyrite, sphalerite, minor pyrrhotite, and galena. Pyrite occurs predominantly as abundant framboids in the mudstone matrix and as euhedral crystals in cross-cutting veins (Figs. 10F, 10G ). Chalcopyrite and sphalerite are mainly present interstitially between euhedral pyrite in these veins. Sphalerite locally displays chalcopyrite disease and also forms pseudomorphs after pyrite framboids. Pyrrhotite and galena are minor phases and are present as inclusions in pyrite. Covellite locally forms supergene rims around chalcopyrite (Fig. 10G ). Gangue minerals in these veins consist of ferroan dolomite to Mg-Mn-bearing ankerite, quartz, and subhedral to euhedral hydrothermal graphite that is associated with sulphides and the other gangue minerals (Fig. 10H) . The mudstone matrix consists of quartz, chlorite, sericite, carbonates, and carbonaceous material. Accessory minerals include apatite, monazite, rutile, and gersdorffite.
Beaver Lake prospect
The Beaver Lake prospect contains metalliferous mudstones that locally are intercalated with detrital shale beds up to 5 m thick. The metalliferous mudstones are finely laminated, carbonaceous and sulphide-rich, with sulphides occurring predominantly finely disseminated and parallel to lamination (Fig. 10I ), but also in veins that cross-cut the lamination. The matrix is rich in framboidal pyrite and fine-disseminated graphite. Subhedral to euhedral hydrothermal graphite occurs in veins associated with pyrite, sphalerite, chalcopyrite, and gersdorffite, and carbonates. Sphalerite locally displays chalcopyrite disease. Cross-cutting veins consist predominantly of euhedral pyrite, sphalerite, chalcopyrite, and the gangue minerals quartz, ankerite, dolomite, and chlorite ( Fig. 10J ). Mass-wasting textures, whereby felsic volcanic detritus are intermingled with metalliferous mudstones, are present in the drill holes BL11-01 and BL11-02. Shearing, strong foliation, and tectonic cataclastic brecciation of the volcanic and sedimentary rocks is common (Fig. 3C ). Small-scale parasitic 
Duck West showing
The altered felsic rocks of the Duck West showing are interbedded with about 6 m of detrital shale ( Fig. 11A ) that overlies mineralized tuff. The sedimentary rocks are silty shales, locally with finely disseminated and euhedral pyrite and strong carbonate alteration. The mineralized tuff is sulphide-rich, consisting predominantly of colloform to euhedral pyrite and minor sphalerite with a matrix of recrystallized quartz.
Duck Pond deposit area
Laminated sulphide-rich (pyrite, pyrrhotite) mudstones occur in 10-30 cm thick beds in the unmineralized Duck Pond Upper Block (ϳ514 ± 2 Ma, U-Pb zircon age), as interflow mudstones in mafic pillow lavas of the Lake Ambrose formation, or at the contact between the Lake Ambrose formation mafic volcanic rocks and the felsic rhyolite flows and volcaniclastic rocks of the Bindons Pond formation (Piercey et al. 2012) . The Upper Block is structurally juxtaposed upon the 5 Ma younger Duck Pond Mineralized Block, and metalliferous mudstones occurring in this Upper Block are genetically not related to massive sulphide mineralization present in the Mineralized Block. The main sulphide phases in the Upper Block mudstones are pyrrhotite, framboidal pyrite, chalcopyrite, and sphalerite, with apatite and carbonates as common gangue minerals (Piercey et al. 2012) . Shales from the Cambrian Serendipity zone horizon are structurally incorporated into the Duck Pond thrust and are locally tectonically intermingled with mineralized tuff fragments of the Duck Pond mineralized sequence ( 
Boundary deposit
Metalliferous mudstones occur at the fringes of the Boundary South Zone and reach up to 4 m in thickness. They are commonly interbedded with mineralized tuff of varying thickness and grain size (millimetre to decimetre scale). They are brown to black, finely laminated with sulphides occurring predominantly parallel to lamination. In proximity to the massive sulphides, the mudstones are intercalated with beds of mineralized lapilli tuff (replacement-style mineralization) (e.g., drill hole BD00-169; Figs. 7A, 11B). The grain size and thickness of the tuff beds intercalated with the mudstones decreases with increasing distance from mineralization (e.g., drill hole BD10-009; Figs. 7A, 11B, 11C). The finely laminated metalliferous mudstones are framboid-rich with euhedral pyrite overgrowing the framboids, and chalcopyrite and sphalerite occurring interstitially between the framboids (Fig. 11D ).
Boundary West showing
The Boundary West showing has metalliferous mudstones that occur at the upper contact of the Boundary deposit hanging-wall quartz-phyric to aphyric felsic volcanic flows to volcaniclastic rocks and overlying mafic volcanic flows (Figs. 7B, 7C). The metalliferous mudstones are up to ϳ4 m thick, are locally reworked, intercalated with lapilli tuff layers, and exhibit peperitic textures with the pillowed mafic volcanic rocks; the peperite forms up to a ϳ12 m thick sequence. Felsic volcaniclastic rocks that are intermingled with metalliferous mudstone (up to 4 m thick) are interpreted to represent mass-wasting deposits. The main sulphide phases are framboidal pyrite, which forms a finely disseminated sulphide matrix, euhedral pyrite that is overgrowing the framboids, and interstitial chalcopyrite and sphalerite (Figs. 11E, 11F ). The latter commonly displays chalcopyrite disease. 
Old Camp showing
The metalliferous mudstones associated with the Old Camp showing are up to ϳ5 m thick and occur at three stratigraphic levels in the Boundary deposit quartz-phyric hanging wall that extends laterally to the Old Camp area. They are finely laminated, dark brown, graphitic carbon-and sulphide-rich mudstones (Fig. 11G ) that are locally reworked and (or) intercalated with cherty layers. Framboidal pyrite is abundant in the matrix and 
UPPER BLOCK MINERALIZED BLOCK UPPER BLOCK
Resource estimates Duck Pond and Boundary deposits (Piercey et al. 2014)
Category Indicated Tonnes 4 100 000
59.3
occasionally overgrown by euhedral pyrite. Sphalerite, chalcopyrite, and euhedral pyrite are associated with ankerite-dolomitechlorite-quartz gangue in veins (Fig. 11H ). Structurally juxtaposed mid-Ordovician sedimentary rocks of up to 130 m drill-intersected thickness occur primarily in the upper section of the stratigraphy and consist of tectonized dark grey to black graphitic carbon-rich silty shales, volcaniclastic turbidites, and polymictic pebble-to cobble-sized conglomerates with a shaly matrix (Figs. 8B, 11I). These sedimentary rocks are strongly sheared and reworked, contain mylonitized mafic volcanic "rafts", and are locally intruded by mafic dykes. Fragments of metalliferous mudstones are locally incorporated into shales and volcaniclastic rocks associated with faulting ( Fig. 11J ).
Keats Pond showing
The Keats Pond showing consists of a sequence of detrital, volcaniclastic-rich shales to polymictic conglomerates with a shaly matrix that overlie altered felsic volcanic rocks. These shales and conglomerates locally contain clasts of mineralized tuff and a thin horizon of metalliferous mudstones. The metalliferous mudstones are finely laminated, dark brown to grey, with finely disseminated sulphides parallel to lamination. The sulphides consist of finely disseminated framboidal and euhedral pyrite, which also occurs in cross-cutting veins (Fig. 12A) . The contact between the metalliferous mudstone horizon and the detrital shale is sheared, but is interpreted to be conformable. 34.0
At cessation of mining at Boundary, a total of 750 000 tonnes of "ore grade" material was sent through the mill, including disseminated and stockwork mineralization (G. Tucker, pers. comm., senior engineer, 2015).
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North Moose Pond showing
Metalliferous mudstones at the North Moose Pond showing stratigraphically overlie stringer-mineralized felsic volcanic rocks and reach a thickness of up to 3 m. They grade into and are progressively diluted by shard-rich volcaniclastic turbiditic rocks. The metalliferous mudstones are finely laminated, with sulphides occurring predominantly parallel to lamination and in minor cross-cutting veins (Fig. 12B) . The main sulphide phases are framboidal pyrite in the matrix, and euhedral pyrite that is associated with interstitial sphalerite and chalcopyrite. Sphalerite displays chalcopyrite disease (Fig. 12C) . In drill hole NM01-05, mafic volcanic rocks contain interflow mudstones, which locally are peperitic. Sheared detrital shales tectonically overlie the mafic volcanic rocks, are (tectonically) intercalated with felsic volcanic rocks, and are intruded by mafic volcanic dykes. A metalliferous mudstone horizon occurs within the detrital shale in spatial proximity to the mafic volcanic rocks. Based on sedimentary textures (dewatering structures), the stratigraphy is likely overturned (Fig. 12D) ; accordingly, stratigraphic up is down-hole (Fig. 9C) . The North Moose Pond volcaniclastic rocks (fine-grained to coarse-grained tuff) and detrital shales that occur stratigraphically above the volcanic rocks and metalliferous mudstones have planar and continuous bedding, are locally graded, which indicates a deposition from turbidity currents and suspension during a quiescent episode throughout the bimodal volcanism (McPhie et al. 1993 ).
South Moose Pond alteration zone
The South Moose Pond showing is composed of strongly sheared detrital shales to polymictic pebble to cobble conglomerate that locally contain mineralized clasts of felsic tuff, and the sequence overlies mafic volcanic rocks. The detrital shales are intercalated with reworked laminated dark brown metalliferous mudstones (Fig. 12E) . Metalliferous mudstones also occur as interflow mudstones within variably sheared mafic volcanic rocks. The matrix of the metalliferous mudstones contains framboidal and euhedral pyrite and minor chalcopyrite and galena. Quartzcarbonate (ankerite-dolomite)-chlorite veins are commonly associated with euhedral pyrite and chalcopyrite. Tight parasitic folds in tuff layers and overall strong shearing indicate a complex stratigraphy in the South Moose Pond area.
Bell Island
The Bell Island black shales were deposited in tidal-influenced to subtidal offshore environments and contain rhythmic layering of thin-to medium-bedded shales and siltstone to sandstone (Fig. 12G) . The black shales are laminated micaceous silty shales with abundant carbonaceous material in the form of diffuse organic matter and algal fragments (Fig. 12H) .
Sampling, methods, quality assurance and quality control (QA/QC)
Metalliferous mudstones and graphitic shales were sampled from drill core from 12 deposits, prospects, and showings within the Tally Pond belt (excluding the Upper Block Duck Pond mudstones) and from three locations on coastal outcrops on Bell Island. Detailed sampling procedures are given in Appendix A. Samples for whole-rock lithogeochemical studies were analyzed for major and minor elements by lithium metaborate-tetraborate fusion followed by HNO 3 dissolution and analysis by inductively coupled plasma (atomic) -emission spectroscopy (ICP-ES). Carbon (C) and sulphur (S) were obtained by infrared spectroscopy, and mercury (Hg) was obtained by the cold vapour flow-injection mercury system (Hg-FIMS). All of the former analyses were acquired at Activation Laboratories Ltd. (Actlabs) in Ancaster, Canada. Additional trace elements, including rare earth elements (REE), high field strength elements (HFSE), trace metals, and many low field strength elements (LFSE) were analyzed by inductively coupled plasma -mass spectrometry (ICP-MS) at the Department of Earth Sciences at Memorial University, using screw-top Teflon bomb (Savillex, Eden Prairie, Minnesota) multi-acid dissolution. The multi-acid (HNO 3 , HF, HCl, H 3 BO 3 , and H 2 O 2 ) whole-rock dissolution process was a modified version of that of Jenner et al. (1990) and Longerich et al. (1990) to account for the high amounts of carbonaceous material in the samples. These procedures and detailed QA/QC protocol are provided in Appendix A.
Results
Lithogeochemistry
Immobile elements and sediment provenance
Homogenization of detritus in sedimentary basins results in basin muds that contain immobile trace element patterns similar to their source regions (Bhatia and Crook 1986; Nesbitt and Markovics 1997) . Processes such as chemical weathering, diagenesis, hydrothermal alteration, or low-grade metamorphism, do not significantly alter the ratios of immobile elements like the HFSE (e.g., Zr), the REE (e.g., La), and the compatible elements (e.g., Sc). Hence, ratios of these elements are useful for provenance studies and to reconstruct the evolution of the tectonic environments in which the sediments were deposited (Taylor and McLennan 1985; Kolata et al. 1996; McLennan et al. 2003) . In Th/ Sc-Zr/Sc space and ternary diagrams like La-Th-Sc and Th-ScZr/10 (Figs. 13D-13F ), the Tally Pond belt metalliferous mudstones and detrital shales overlap the fields of the Lemarchant mudstones. This indicates that they share similar source rocks, such as upper crustal rocks with predominantly continental island arc and to a lesser extent continental island arc characteristics (Figs. 13D-13F ). Samples trending towards the La apex suggest potential La-scavenging from seawater during sedimentation (e.g., Bau 1991 Bau , 1993 . The data shown in the ternary Th-ScZr/10 diagram and the Th/Sc versus Zr/Sc plot indicate that the Tally Pond belt source rocks are zirconium depleted, as previously reported by Squires and Moore (2004) and McNicoll et al. (2010) .
Hydrothermal versus detrital element signatures
Samples from Lemarchant metalliferous mudstones and Bell Island have been plotted on Boström-type diagrams (Figs. 14A, 14B ; Boström et al. 1972; Boström 1973) and are clearly distinct: the Lemarchant metalliferous mudstones predominantly fall within the hydrothermal sediment field with 40%-80% hydrothermal component, whereas the Bell Island black shales plot in the detrital sediment field. All Tally Pond belt samples that do plot within the hydrothermal sediment field are metalliferous mudstones, whereas those plotting in the detrital sediment field are detrital shales and (or) tuff samples. The two Cookstown samples have intermediate features (Figs. 14A, 14B ). Metalliferous mudstones from the Upper Block at the Duck Pond deposit also fall within the hydrothermal fields in the Boström-type diagrams (Piercey et al. 2012) . Characteristic for metalliferous mudstones that are stratigraphically immediately associated with massive sulphides of the Lemarchant deposit (within 5 m) are elevated Ba and Hg levels (up to 130 200 ppm Ba and up to 17 700 ppb Hg, ranging from 646 to 130 200 ppm Ba and from 2.5 to 17 700 ppb Hg). The Ba in the Lemarchant metalliferous mudstones is predominantly hosted in barite and celsian and minor in hyalophane and witherite. The anomalous Hg-Ba in the Lemarchant mudstones is in part due to the boiling present in Lemarchant hydrothermal system; however, Ba-Hg enrichment is a feature common in alteration in VMS throughout the Tally Pond belt (e.g., Collins 1989 1 ). Metalliferous mudstones and detrital shales from the Tally Pond belt outside Lemarchant have Ba values that are up to 3792 ppm and Hg contents up to 8790 ppb (Fig. 14C) . The Bell Island black shales and two Beaver Lake samples (one shale, one mudstone) have very low Hg values close to and (or) below the detection limit of 5 ppm (Fig. 14C) . To distinguish the high Ba and Hg contents that are associated with massive sulphide mineralization in hydrothermal systems from sedimentary diagenetically derived Ba, a plot with Ba/Al versus (Zn + Hg)/Al was utilized (Fig. 14D) . Ba, Zn, and Hg are interpreted to represent hydrothermally derived components of the mineralization, and Al, the detrital constituents. In this plot (Fig. 14D) , proximal Lemarchant metalliferous mudstones show trends towards high Ba/Al and (Zn + Hg)/Al ratios, whereas detrital shales of the Tally Pond belt, as well as the Bell Island black shales have low ratios. The data of the metalliferous mudstones of the Tally Pond belt plot between those two fields defined by Lemarchant mudstones and detrital shales (Fig. 14D) . Results shown in Fig. 14E delineates that metalliferous mudstones have higher Fe and S contents than detrital shale and tuff samples. The Lemarchant mudstones have total Fe (Fe 2 O 3T ) that ranges from 13 to 55 wt.% and from 2 to 42 wt.% S, with mudstones that are closely associated with the massive sulphides having higher Fe and S values than those that are located in more distal environments (Lode et al. 2015) . The other Tally Pond belt metalliferous mudstones generally range from 8 to 50 wt.% Fe 2 O 3T and from 6 to 38 wt.% S, whereas the detrital shales and tuffs have lower Fe and S values (6 and 29 wt.% Fe 2 O 3T and 0.03-24.7 wt.% S). Similarly, metalliferous mudstones of the Tally Pond belt have higher Zn and Pb values (76-33 264 ppm Zn and 21-4508 ppm Pb) than the detrital shales (30-3254 ppm Zn and 2-912 ppm Pb) and partially overlap with the field of the Lemarchant proximal mudstones (40-162 512 ppm Zn and 8-25 600 ppm Pb) (Fig. 14F) .
Rare earth element and Y (REY) signatures
The rare earth element and Y (REY) characteristics of the metalliferous mudstones and detrital shales of the Tally Pond belt, as well as from the Bell Island black shales, are shown in Figs. 15A-15F. Data for the Duck Pond mudstones are from Piercey et al. (2012) . All measurements are normalized to the post-Archean Australian shale using the data of McLennan (1989) . The Lemarchant mudstones are light rare earth element (LREE) depleted and have relatively flat heavy rare earth element (HREE) patterns, negative Ce anomalies (Ce/Ce* < 1), and predominantly positive Eu anomalies (Eu/Eu* up to 3.5) (Fig. 15A) . Ce/Ce* and Eu/Eu* were calculated using the equations after McLennan (1989) where Ce/Ce* = (Ce sample /79.6)/[(La sample /38.2)(Pr sample /8.83)] 0.5 and Eu/Eu* = (Eu sample / 1.08)/[(Sm sample /5.55)(Gd sample /4.66)] 0.5 , respectively. The Duck Pond mudstones also display a negative Ce anomaly, but have a positive Y anomaly, HREE enrichments, and a smaller positive Eu anomaly (Fig. 15A) . Black shales from Bell Island have flat REY signatures with no significant anomalies. The Cookstown samples have similar REY signatures as the Bell Island shales; however, they do show small Ce anomalies (Ce/Ce* ϳ0.7) (Fig. 15B) . All other Tally Pond belt mudstones have intermediate REY patterns with varying Eu anomalies from slightly negative to strongly positive (Eu/Eu* = 0.9-3.1), negative Ce anomalies (Ce/Ce* = 0.5-0.9), and no to small positive Y anomalies. The Tally Pond belt shales have Eu/Eu* = 0.8-2.0 and negative Ce anomalies (Ce/Ce* = 0.7-0.99), with one mineralized tuff from Duck West having a strong positive Eu anomaly of Eu/Eu* = 6.8, and one sample from South Moose Pond having a positive Ce anomaly of Ce/Ce* = 1.5. To assess whether the Ce anomalies are true anomalies or caused by a positive La anomaly, the samples are plotted in the Ce/Ce* versus Pr/Pr* diagram (Fig. 15G) . Accordingly, the Ce anomalies of the Lemarchant samples are interpreted to be true Ce anomalies.
Discussion
Evaluating hydrothermal versus detrital origins and the paleoredox environment
Sedimentary rocks occurring in the Tally Pond volcanic belt were deposited in a graben-caldera basin related to arc-rifting with active volcanism and hydrothermal activity (Evans and Kean 2002; . Hydrothermal metalliferous mudstones have complex geochemical patterns reflecting variable inputs from (i) hydrothermal-exhalative matter, (ii) volcaniclastic to epiclastic material, (iii) detrital sedimentation, and (iv) hydrogenous elements scavenged from seawater onto hydrothermal particles (Boström and Peterson 1966; German and Von Damm 2003; Peter and Goodfellow 2003) . Exhalative metalliferous mudstones form as seafloor hydrothermal plume fallout when hot, reduced, metaland sulphide-rich (Fe, Mn, Cu, Ni, Pb, Zn, Hg, As, Ba, S) vent fluids are discharged and mix with the cold, oxidized, sulphate-rich ambient seawater (Boström and Peterson 1966; Haymon and Kastner 1981; Gurvich 2006) . Furthermore, detrital input, represented by Al and Ti, is a negligible component in exhalative sediments (Boström et al. 1969; Gurvich 2006 ). As such, hydrothermal metalliferous mudstones, as those from Lemarchant, have elevated Fe and base metals, and plot within the hydrothermal fields on Boström-type plots (Figs. 14A, 14B ; Boström et al. 1972; Boström 1973; Lode et al. 2015) . Accordingly, samples from Higher Levels, Beaver Lake, Boundary, Boundary West, North and South Moose ponds, Keats Pond, and Old Camp that overlap the field of the Lemarchant mudstones and Boström's hydrothermal sediment field (ϳ30%-80% hydrothermal component) can be identified as metalliferous mudstones with a hydrothermal-exhalative origin (Figs. 14A, 14B) . A mineralized tuff sample from Duck West also falls within the hydrothermal sediment field (Figs. 14A, 14B) , and is likely a mixture of both tuff and hydrothermal material. The Beaver Lake and Duck West prospects, as well as the Boundary West, Old Camp, and South Moose showings, have detrital shales that are either intercalated with the metalliferous mudstones and bimodal volcanic rocks (e.g., Beaver Lake, Boundary West, Figs. 3C, 7B, 7C), and (or) overlie the volcanic sequences (e.g., Old Camp, North and South Moose ponds, Figs. 8B, 9C ). These Tally Pond belt detrital shales cluster around Boström's detrital sediment field and, thus, are not of hydrothermal origin. Nevertheless, the Boundary West shales, the South Moose Pond shale, and some shale samples from Higher Levels have minimal hydrothermal components (up to 20%), which may have been a result of slight contributions from hydrothermal fluids (Figs. 14A,  14B ). The Cookstown metalliferous mudstones-shales have intermediate geochemical characteristics and plot between the hydrothermal and detrital fields (Figs. 14A-14F ). Based on the geochemistry and the petrographic observations, they are interpreted to be nonexhalative detrital shales that were overprinted by hydrothermal fluids metalliferous that penetrated the semiconsolidated sediment (e.g., Doyle and Allen 2003) . This is reflected by the sulphide-poor matrix and sulphide-rich (pyrrhotite, chalcopyrite, minor galena) cross-cutting veins and patches (Figs. 10C-10E ). Comparable to the Lemarchant mudstones, the other Tally Pond belt metalliferous mudstones also have noticeably elevated base and transition metal (Fe, Zn, Pb), and S contents (Figs. 14E, 14F) , reflecting the presence of polymetallic sulphides that were derived from hydrothermal fluids (Boström 1973; Gurvich 2006; Jones et al. 2006) . The sulphide mineralogy of the metalliferous mudstones is also consistent with whole-rock geochemical results (Figs. 10G, 11D, 11F, 11H, 12C ).
Alteration: major element systematics
Immediately after precipitation, metalliferous mudstones are subject to hydrothermal and diagenetic alteration processes due to ongoing hydrothermal activity (Gurvich 2006; Hannington 2014) . Under these conditions, major elements are variably mobile, and alkali elements have considerable mobility (Nesbitt and Young 1982; Nesbitt 2003) . In plots such as the A-CN-K and A-CNK-FM molar diagrams (Figs. 13A, 13B ), the immobile Al 2 O 3 is compared with the mobile alkali elements (Nesbitt and Young 1982) . In A-CN-K space, the Lemarchant metalliferous mudstones (orange field) lie within the sericite (illite-muscovite) and also in the carbonate-dolomite-dominated fields of the diagram. Only one North Moose Pond and one Higher Levels mudstone sample show strong carbonate alteration. The rest of the Tally Pond belt metalliferous mudstones and shales follow the sericite trend similar to the Lemarchant mudstones (Lode et al. 2015) . However, two distinct alteration trends are recognizable in the metalliferous mudstones and the detrital shales of the Old Camp showing. The shales plot around the average shale field, comparable to the Bell Island shales, whereas the metalliferous mudstones are closer to the sericite and carbonate alteration fields indicating hydrothermal alteration (Fig. 13A) . In A-CNK-FM space, a clear distinction between graphitic shales and metalliferous mudstone of the Tally Pond belt is noticeable: the mudstones overlap with the field of the Lemarchant mudstones, whereas detrital shales lie outside of this field (Fig. 13B) . The Tally Pond belt metalliferous mudstones plot near the FM part of the diagram towards the sulphide-oxide apex and the chlorite-smectite trend, and for the Lemarchant mudstones, also towards the calcite-dolomite apex; the shales trend towards muscovite-illite and feldspars. Also trending towards muscovite-illite, with only minor carbonate contribution, are the Bell Island black shales (Fig. 13B) . Accordingly, the major element alteration signatures represent a valuable proxy for exploration by distinguishing hydrothermal alteration in detrital and hydrothermal shales. A positive correlation between Al 2 O 3 and TiO 2 that goes through the origin (correlation coefficient, r 2 = 0.802 without the Duck West outlier; Fig. 13C ) in the Tally Pond belt shales and mudstones indicates that both were likely immobile during postdepositional processes, such as diagenesis and alteration (Barrett and MacLean 1994) .
Evaluating indicators for vent proximity; i.e., proximity to massive sulphides
Metalliferous sedimentary rocks generally have a greater lateral extent than the associated VMS deposits, which are small targets for exploration (Franklin et al. 1981; Doyle and Allen 2003; Peter 2003; Gibson et al. 2007 ). Hydrothermal plume processes result in (Lode et al. 2015) . Diagrams (A) and (B) are after Nesbitt (2003) , (C) after Barrett and MacLean (1994) , and (D-F) immobile element plots after Bhatia and Crook (1986). Cal, calcite; Chl, chlorite; Dol, dolomite; DW, Duck West; Fsp, feldspar; Gib, gibbsite; Hbl, hornblende; Ill, illite; Kaol, kaolinite; MORB, mid-ocean Boström et al. (1972) and Boström (1973 Webb and Kamber (2000) , modified after Bau and Dulski (1996) . [Colour online.] Boundary ( distinct variations in mineralogy and chemistry as a function of vent proximity and proximity to massive sulphide mineralization (Franklin et al. 1981; Kalogeropoulos and Scott 1989; Peter 2003; Gibson et al. 2007; Slack et al. 2009 ). Accordingly, it is important to identify these geochemical fingerprints and the potential as orebearing horizons, and to delineate proximal metalliferous mudstones from distal ones and from less prospective detrital shales (e.g., Spry et al. 2000; Peter 2003) . In particular, a combination of Ba enrichment, REY systematics with positive Eu anomalies, high base-metal contents, chondritic Y/Ho ratios (ϳ27), as well as high Fe/Ti and low Al/(Al + Fe + Mn) indicate a hydrothermal derivation of the sediment and precipitation from high-temperature (T > 250°C) fluids (Boström et al. 1972; Boström 1973; Slack et al. 2009; Lode et al. 2015) . The metalloid Ba is typically enriched in many VMS deposits (Lydon 1984; Large 1992; Huston et al. 2010) and is a useful proxy for geochemical fingerprinting (Collins 1989 1 ; Lode et al. 2015) . The enrichment of Ba related to VMS systems is a result of thermochemical breakdown of feldspars in the hydrothermal reaction zone that releases Ba 2+ into the reduced hydrothermal fluids (German and Von Damm 2003; Hannington et al. 2005; Griffith and Paytan 2012) . In contact with seawater sulphate, barite precipitates at or near the seafloor in proximity to the hydrothermal vent site, because it is highly insoluble in oxidized seawater (Ohmoto and Goldhaber 1997; Huston and Logan 2004; Griffith and Paytan 2012) . In other deposits, the Ba is incorporated into micas, carbonates, and other clays during fluid-rock reaction of the VMS-hosting sequence (e.g., Collins 1989 1 ; Peter 2003; Piercey et al. 2014) . The presence of barite and generally high Ba levels (up to 130.00 ppm) found in Lemarchant mudstone samples proximal to mineralization strongly favours a hydrothermal origin and a vent-proximal location of deposition (Lode et al. 2015) . However, a lack of barite does not necessarily indicate a vent-distal environment. VMS mineralization formed by replacement style in a reduced subseafloor environment may have Ba present in the hydrothermal fluids, but no seawater SO 4 2− available for barite formation, which results in footwall and hanging-wall rocks with Ba enrichments without exhalative barite occurrences (e.g., Duck Pond and Boundary deposits; Collins 1989 1 ; Piercey et al. 2014) .
In contrast to the vent-proximal Lemarchant mudstones, the other Tally Pond belt metalliferous mudstones have no observed barite. Based on their overall low Ba levels, it is proposed that they precipitated in a more vent-distal depositional environment where less Ba from hydrothermal fluids was available (Fig. 14C) . Interestingly, detrital shale samples of prospects and showings in the Tally Pond belt (not including Lemarchant) have no barite, but higher Ba levels than some of the Tally Pond belt metalliferous mudstones (Fig. 14C ). This effect may relate to the commonly observed enrichment of Ba in marine sediments that contain abundant carbonates, organic matter, Fe-Mn oxyhydroxides, and detrital matter, or may be due to Ba incorporation into clays due to fluid-rock reaction of the shales (Peter 2003; Gonneea and Paytan 2006; Griffith and Paytan 2012) . To differentiate between Ba that is associated with base-metal massive sulphide mineralization and Ba related to alteration or nonhydrothermal marine sedimentary processes, a Ba/Al versus (Zn + Hg)/Al diagram was utilized (Fig. 14D) , where Zn + Hg and Ba represent the hydrothermally derived elements and Al the detrital component. As a consequence, it is possible to distinguish more clearly detrital shales that are characterized by lower Ba/Al and (Zn + Hg)/Al from vent-proximal mudstones. Only a few of the Tally Pond belt metalliferous mudstones overlap with the proximal Lemarchant mudstone field due to lower Ba levels. Nevertheless, because of the similarly high (Zn + Hg)/Al, it is suggested that the other Tally Pond belt metalliferous mudstones also precipitated from hydrothermal fluids, but in a more vent-distal depositional environment (Fig. 14F) .
In VMS-forming environments host rocks, temperature, pH, ƒO 2 , and chlorinity are key factors controlling the concentration of base metals dissolved in the hydrothermal fluids (Lydon 1988; Von Damm 1990; Hannington 2014 ). The presence (or lack) of a positive Eu anomaly can give insights about the temperature of the hydrothermal fluids from which the metalliferous sediment precipitated (Sverjensky 1984; Bau 1991) . Thereby, hydrothermal fluids and precipitates that are derived from high-temperature fluids (>250°C) have positive Eu 2+ anomalies, because the Eu 2+ / Eu 3+ redox equilibrium is strongly temperature dependent (Sverjensky 1984; Bau 1991; German and Von Damm 2003; Peter 2003) . Under high-T (>250°C), acidic and reducing conditions as in VMS hydrothermal fluids, divalent Eu is the predominant species in solution, and (or) bound in related complexes (Sverjensky 1984; Bau 1991; Peter 2003) . Consequently, metalliferous mudstones that display pronounced positive Eu anomalies are precipitated from high-T (>250°C) hydrothermal fluids, and sediments have no to small positive Eu anomalies when precipitated from fluids with lower temperatures (Sverjensky 1984; Bau 1991; German and Von Damm 2003; Peter 2003) . Metalliferous mudstones and detrital shales sampled from the Tally Pond deposits, prospects, and showings, and black shales from Bell Island, have variable REE signatures ranging from hydrothermal (Lemarchant mudstonelike signatures) to nonhydrothermal black shales (flat REE patterns; i.e., Bell Island shales), and to those that have mixed signatures (Figs. 15B-15F ). It is suggested that the hydrothermal fluids contributing to the metalliferous mudstones associated with the Lemarchant and Boundary deposits, and the Boundary West showing, had temperatures exceeding 250°C (Figs. 15A, 15E,  15F ). The detrital shales and mineralized tuff of the Duck West showing also had contributions from high-T (>250°C) fluids (Fig. 15C) . Accordingly, the presence of positive Eu anomalies is a useful indicator to reduced, high-T hydrothermal fluids that mixed with oxygenated water. However, a lack of positive Eu anomalies can either imply that the temperatures were below 250°C, or there were reduced ambient seawater conditions (Bau 1991; Peter 2003) . Reducing conditions increases the stability of Eu 3+ in complexes, and accordingly, no Eu anomalies occur (Bau 1991) . Furthermore, most detrital sediments, particularly those of felsic-crustal provenance, also have no positive Eu anomalies (Peter and Goodfellow 2003) ; a pattern reflected in the overall flat REE patterns of the Bell Island black shales (Fig. 15B) . Therefore, increased mixing of hydrothermal and detrital sediments can result in a masking of a positive Eu anomaly due to input of abundant detrital material (Peter and Goodfellow 2003) .
Paleoredox of the hydrothermal fluids can also be determined from the Ce systematics of the mudstones and shales. The presence of negative Ce anomalies in hydrothermal sediments is inherited from mixing of the vent fluids with Ce-depleted oxygenated seawater (German and Elderfield 1990; Hannington 2009 ). In reduced vent fluids, flat REE patterns are expected, and negative Ce anomalies do not occur, as Ce 3+ will not oxidize to Ce 4+ in such fluids (Mills et al. 2001; Peter and Goodfellow 2003; Humphris and Bach 2005) , or when the shale sample is similar in composition to the shale used for normalization of the samples (e.g., post-Archean Australian shales). Larger contributions of detrital material to the hydrothermal matter can mask and flatten hydrothermal signatures, such as positive Eu, Y, and negative Ce anomalies (Peter and Goodfellow 2003) . Accordingly, those deposits that have metalliferous mudstones samples with predominantly Ce/Ce* < 1 and Eu/Eu* > 1 were deposited in an a predominantly oxic environment with contributions of hightemperature (T > 250°C) hydrothermal fluids, i.e., Higher Levels, Beaver Lake, North and South Moose ponds, Duck Pond Upper Block, Boundary, Boundary West (Figs. 15C-15F ). The flat REY pattern of the metalliferous mudstone sample from Keats Pond (Fig. 15F) and detrital shale samples from Old Camp (Fig. 15D) and North Moose Pond (Fig. 15F) suggest reduced conditions and (or) a strong dilution by detrital material. The presence of bioturbation in samples from Higher Levels, Beaver Lake, and possibly in shales from North and South Moose ponds supports the oxygenated ambient water conditions at the time of formation of the sediment (e.g., Savrda and Bottjer 1989) , suggesting that the flat REY pattern was inherited from sedimentary detritus and not due to reducing conditions.
The REE patterns of the metalliferous mudstones occurring in the Upper Block of Duck Pond indicate that they precipitated from hydrothermal fluids with low to intermediate temperatures, not exceeding 250°C, and that the constituents of the Duck Pond mudstones had longer residence times in the plume and more mixing of hydrothermal fluids with seawater. As a result, more scavenging of elements from seawater onto hydrothermally derived particles, such as Fe oxyhydroxides, occurred (Mills and Elderfield 1995; Rudnicki 1995; Peter 2003) , resulting in samples with negative Ce anomalies, elevated HREE, and a strongly pronounced positive Y anomaly in the Duck Pond mudstones. Accordingly, the Duck Pond mudstones are suggested to represent distal stratigraphic equivalents to the proximal Lemarchant mudstones (Piercey et al. 2012; Lode et al. 2015) .
Sediment provenance: basin setting and tectonic environment
Provenance-related immobile element systematics of the Tally Pond belt metalliferous mudstones and detrital shales have continental to oceanic island arc signatures (Figs. 13D-13F ). This is consistent with provenance from local host rocks, which are bimodal island arc sequences with transitional to calc-alkalic character (Squires and Moore 2004; Rogers et al. 2006) . Furthermore, these systematics are expected for sediments deposited in a graben-caldera basin in a rifted continental arc, or an arc proximal to continental crust, which is the suggested tectonic model for the Tally Pond belt (Rogers et al. 2006; McNicoll et al. 2010; Zagorevski et al. 2010; Piercey et al. 2014) . A rifted arc environment is also consistent with much of the mineralogy, compositions and paragenesis of the phases in the hydrothermal metalliferous mudstones and the detrital shales and volcaniclastic-epiclastic sediments of the Tally Pond belt.
It is notable, however, that two distinct age populations are found in the Tally Pond volcanic rocks: 513 ± 2 Ma in the Lemarchant area and the Duck Pond Upper Block and 509 ± 3 Ma in the Duck Pond Mineralized Block and equivalents (e.g., Dunning et al. 1991; McNicoll et al. 2010) . Even though these ages overlap with a 95% confidence interval and 2 error ellipses (no overlap for 1 errors), the reproducibility of these two ages suggests that they represent two separate age clusters ( Fig. 16D ; G. Dunning, personal communication, 2015) . Additionally, the stratigraphy of the Lemarchant area and the Upper Block at Duck Pond share strong similarities, and both contain abundant metalliferous mudstones.
A duration of up to 4 Ma for a hydrothermal system also appears unlikely because hydrothermal activity occurs as episodic pulses and generally exists not longer than <10 000 years (Cathles et al. 1997) . Only in exceptional cases can long-lived hydrothermal systems last for ϳ1 Ma (Cathles et al. 1997) . Therefore, it is proposed that VMS-forming hydrothermal activity related to the bimodal volcanism in the Tally Pond belt occurred during two rifting phases: at ϳ513 Ma (Lemarchant) and ϳ509 Ma (Duck Pond, Boundary) (Figs. 16A, 16B, 16D ). Geochronological studies by McNicoll et al. (2010) suggested that these age clusters represent two subpopulations of crystallization ages of extrusive, pyroclastic, and intrusive volcanic rocks of the Tally Pond belt. The Lemarchant deposit is interpreted to have formed in shallow water (<1200 m) at temperatures between 250 and ϳ325°C, and to have underwent fluid phase separation with a magmatic fluid contribution to the hydrothermal system ( Fig. 16C ; Gill and Piercey 2014; Lode et al. 2015) . This is supported by the sulphide mineralogy, which is enriched in sulphosalts, Zn-Pb phases, including low Fe sphalerite, and precious-metal-bearing phases; metal assemblages, including enrichments in epithermal suite elements; and bladed barite and carbonates, features common to epithermal-type deposits (Gill and Piercey 2014; Lode et al. 2015) . The nearby Lemarchant microgranite is suggested to represent the synvolcanic intrusion providing the heat to drive the hydrothermal circulation (Squires and Moore 2004; McNicoll et al. 2010 ) and potentially contributed magmatic fluids and volatiles to the hydrothermal system. In contrast, the Duck Pond Cu-Zn-Pb massive sulphides have very simple mineralogy and are interpreted to have formed at greater depths (>1200 m below seawater level) and higher temperatures (ϳ350°C), where the fluids could not boil and phase separation did not occur (Fig. 16C) .
The Duck Pond metalliferous mudstones occur within the ϳ513 Ma Upper Block at the contact of felsic and mafic volcanic rocks of the Bindons Pond and Lake Ambrose formations, respectively (Piercey et al. 2012) . This Upper Block correlates in age and stratigraphy with the bimodal volcanic sequence and metalliferous mudstones in the Lemarchant deposit. The Lemarchant massive sulphides and metalliferous mudstones are interpreted to have been deposited in a smaller scale basin during the first rifting phase at ϳ513 Ma, and were then subsequently covered by mafic volcanic rocks during and (or) immediately after deposition of the massive sulphides and metalliferous mudstones. Hydrothermal activity continued during the emplacement of the basalts as indicated by the presence of abundant interflow mudstones at the Lemarchant deposit ( Fig. 2 ; Lode et al. 2015) . These interflow mudstones occur as within basaltic flows and pillow basalts and are identified to have a hydrothermal origin by detailed geochemical studies on different mudstone types in Lode et al. (2015) . Second-stage rifting and hydrothermal activity is interpreted to have been associated with the formation of the Duck Pond and Boundary deposits, and other prospects at ϳ509 Ma (e.g., Boundary West, Old Camp, North and South Moose ponds; Fig. 16B ). Locally, some of the detrital shales that occur in the northeastern parts of the Tally Pond belt have stratigraphic relationships that correlate with Duck Pond and Boundary and suggest deposition in the basin related to the second phase of rifting. These suggested mid-Cambrian graphitic shales are more abundant in the northeastern part of this basin than in the southwestern area, which argues that the area of the second-phase rifting may have had more space available to accommodate these sediments. The detrital shales and volcaniclastic to epiclastic sediments of the midOrdovician (Katian to Sandbian) Wigwam Pond group -Noel Paul's Brook group that were deposited in the Victoria Arc basin with horst and graben topography were strongly deformed during the final closure of the Iapetus in the Late Ordovician, resulting in the black shale mélange (Zagorevski et al. 2010 ). This black shale mélange forms a thick cover sequence on top of the Cambrian Tally Pond volcanic rocks (Squires and Moore 2004; Zagorevski et al. 2010) .
In essence, it is proposed that both rifting phases (ϳ513 and ϳ509 Ma) in the Tally Pond belt are associated with the formation of massive sulphides and exhalative metalliferous mudstones, i.e., two exhalative mudstone horizons occur. Additionally, during the 509 Ma event, deposition of nonhydrothermal graphitic shales gradually increased, which occur predominantly in the northeastern part of the Tally Pond belt. In detail, the first horizon is represented by metalliferous mudstones of the Beaver Lake, Higher Levels, and Duck Pond (Upper Block) and is related to the ϳ513 Ma Lemarchant hydrothermal event, which also caused the hydrothermal overprint of the Cookstown shales. The metalliferous mudstones from Boundary, Boundary West, Old Camp, Keats Pond, and North and South Moose ponds represent the second horizon and is genetically associated with the younger, ϳ509 Ma Duck Pond -Boundary hydrothermal event. Based on intercalated detrital shales and metalliferous mudstones in the Tally Pond belt (predominantly the northeastern part), it is suggested that Fig. 16. (A, B) Simplified two-phase rifting model for the Middle Cambrian, early Penobscot arc magmatism of the Tally Pond group (513-509 Ma). (C) Diagram of the two-phase curve for seawater and areas of maximum vent temperatures for modern hydrothermal systems with conditions for the Lemarchant (LM) and Duck Pond (DP) -Boundary (BD) hydrothermal systems. Light-green dashed outlined area, depth-temperature ranges of maximum vent temperatures for selected ridge-related hydrothermal systems (Indian Ocean, East Pacific Rise, Mid-Atlantic Ridge, and Northeast Pacific ridges, and sediment-covered ridges); dark-green dashed outlined area, depth-temperature ranges of maximum vent temperatures for selected arc-related hydrothermal systems (back-arc, arc volcano); orange stripe, possible temperature / water depth range for the Lemarchant hydrothermal system in a rifted arc setting; red stripe, possible temperature / water depth range for the Duck Pond -Boundary hydrothermal system in a rifted arc setting. Modified after Hannington et al. (2005) Pagination not final (cite DOI) / Pagination provisoire (citer le DOI) deposition of detrital shales occurred already in the mid-Cambrian, coincident with and following VMS formation (e.g., Serendipity and North Moose Pond). The gradual grading of mid-Cambrian metalliferous mudstones into volcaniclastic-epiclastic sediments and detrital shales suggests that the hydrothermal activity eventually decreased (approximately <509 Ma) and deposition of detrital shales prevailed, i.e., at North Moose Pond. This is also supported by the REY patterns of the Tally Pond metalliferous mudstones, which have mixed hydrothermal and nonhydrothermal (detrital and volcaniclastic-epiclastic) signatures (Figs. 15B-15F) . Therefore, the base of the detrital shales represents a transitional period in the evolution of the basin, when the hydrothermal systems of the second rifting phase were still active, but the contributions of detrital matter continuously increased. It is proposed that a possibly Silurian compressional environment, which may be related to inversion of the Penobscot back-arc basin, caused juxtaposition of the older 513 Ma bimodal sequences of the first rifting phase (e.g., Lemarchant, Duck Pond Upper Block) on top of the younger 509 Ma sequence of the second rifting phase (e.g., Duck Pond, Boundary) ( Fig. 16D ; Squires and Moore 2004; Zagorevski et al. 2010 ).
Conclusions
The Tally Pond volcanic belt metalliferous mudstones provide an understanding of the relationship of exhalative metalliferous mudstones that are genetically associated with VMS mineralization in bimodal volcanic environments. Hydrothermally derived mudstones are characterized by the following: (i) elevated Fe and base metals, and plot within the hydrothermal fields on Boström-type plots; (ii) an enrichment in base-metal sulphides and in Ba/Al and (Zn + Hg)/Al ratios; and (iii) REY systematics that are indicative of deposition from high-temperature fluids (i.e., Eu/Eu* > 1), with or without evidence for mixing with oxygenated seawater (Ce/ Ce* < 1). Detrital shales in the Tally Pond belt are locally spatially associated with mineralization, when either intercalated with hydrothermal metalliferous mudstones and (or) when intermingled with mineralized tuff or mudstone fragments. The Tally Pond volcanic belt is proposed to have two rifting phases that are associated with VMS-forming hydrothermal systems, at ϳ513 Ma (Lemarchant) and at ϳ509 Ma (Duck Pond -Boundary).
was removed and the sample liquid evaporated to dryness. When dry, 2 mL of 8 N HNO 3 and 1.3 mL oxalic acid (0.22 mol/L) were added, the cap placed back on, and the sample left for 2 h on the hot plate at ϳ70°C. Subsequently, an additional 1 mL of H 2 O 2 was added, the cap placed back on again, and the sample left for another 2 h on the hot plate at ϳ70°C. Since many of the samples contain abundant carbonaceous material, it is noted that each additional 1 mL of HCl and 1 mL of H 2 O 2 added reduced the amount of visible residual carbonaceous material quite significantly.
Solution material from the latter step was transferred into a 120 mL snap-seal container. For this, the caps are rinsed with nanopure water into the snap-seal jar, 0.665 mL HF-boric solution (0.113 mol/L HF -0.453 mol/L boric acid) is added, and the weight made up to a final weight of 60 g with nanopure water. If visible residues still remained, the sample was filtered before the final sample dissolution preparation.
Two tubes were prepared for the ICP-MS, one with the sample dissolution and one with the sample dissolution plus a trace spike solution. To each of the 11 mL test tubes, 0.5 g of sample solution was added, with one tube having 9.5 g of 0.2 N HNO 3 added, whereas the second tube contained 4.5 g of 0.2 N HNO 3 and 5 g of trace spike solution; both tubes were capped, shaken, and mixed prior to analysis by ICP-MS.
The residues left behind in the filter paper were checked at Memorial University via scanning electron microscope -energy dispersive X-ray spectroscopy (SEM-EDX) to ascertain that no elements of interest, particularly the HFSE and REE, remained. For this, the residues were mounted on a holder with double-sided carbon tape and semiquantitatively analyzed by EDX under lowvacuum conditions to avoid carbon-coating. The analyses of the residues yielded, with one exception, purely carbonaceous material; hence, no important trace elements were present in the residues. One residue consisted of predominantly carbonaceous material with traces of barite. Accordingly, to avoid interferences of organic matter with Ba, Ba values of the fusion method (ICP-ES) were used, instead of ICP-MS. To correct for a possible mass spectral interference of the isobaric phases 135 Ba 16 O and 151 Eu, two standard solutions were utilized and the interference factor calculated accordingly ).
Quality assurance and quality control
Precision and accuracy of the analyses were determined using duplicates and reference materials following methods described in Jenner (1996) and Piercey (2014) . The reference materials utilized in the study included three different organic-rich and (or) sulphide-rich shales (SCO-1, SDO-1, and SGR-1b) and one iron formation (FeR-1). These standards were run every 20 samples and with each analytical batch. In addition, blanks were utilized during each analytical run to test contamination; none was detected. Precision was determined using the percent relative standard deviation (% RSD) on the replicate analyses of the reference materials, and accuracy was determined using percent relative difference (% RD) from accepted values. Analyses from Actlabs of the major and some minor elements, and C, S, and Hg, have the following % RSD precision values: major elements range between 0.7% and 4.5% RSD; P 2 O 5 . Ba, Sr, Y, Zr, Sc, and V have % RSD values between 0.6% and 8.2% RSD; and between 0.7% and 1.8% RSD for C, S, and Hg. Accuracy of the Actlabs analyzed major and minor elements ranges from 0.1% to 11.8% RD, from 1.8% to 4.8% RD for C and S, and from 0.7% to 7.7% RD for Hg.
Analytical precision calculated for samples analyzed at Memorial University yielded the following values: LFSE range between 3.7% and 12.5% RSD (except Rb), and HFSE had 4.5%-11.1% RSD. The REE (La to Lu) % RSD values range from 4.8% to 8.6%, and base and transitional metals have a precision between 3.3% and 11.9% RSD.
Determination of accuracy is dependent on and limited to the quality and amount of published and certified values. For many sediment-rich samples, the range of certified values is limited, and (or) results were obtained by methods not utilized in this study (e.g., Instrumental Neutron Activation Analysis (INAA)). Therefore, accuracy values in the analyses are provided for where published data were available. Accuracies for elements in standard FeR-1 range from 1.32% to 8.79% RD for most of the REE except Tm. Tm yields a less accurate value of 15.3% RD. The standard SCO-1 has an accuracy of 2.0%-6.5% RD for La, Pr, and Nd, 12.8% RD for Ce, and 1.9% RD for Pb. Accuracies for standard SDO-1 range from 1.9% to 9.1% RD for La to Gd, and Tm, 11.0%-23.6% RD for Tb to Er, Yb, and Lu. Base metal and transition elements have accuracy values ranging between 3.0% and 13.7% RD, and Zn of 22.8% RD. SGR-1b yields accuracy values between 1.6% and 15.3% RD for base metal and transition elements, and 0.01%-17.6% RD for REE (La to Yb, except Pr and Tb).
